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(57) ABSTRACT

A power circuit is described that includes a semiconductor
body having a common substrate and a Gallium Nitride
(GaN) based substrate. The GaN based substrate includes
one or more GaN devices adjacent to a front side of the
common substrate. The common substrate is electrically
coupled to a node of the power circuit. The node of the
power circuit is at a particular potential that is equal to, or
more negative than, a potential at one or more load terminals
of the one or more GaN devices.
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180

\ DETERMINE A PARTICULAR POTENTIAL AT A
NODE OF A POWER CIRCUIT THAT IS EQUAL
TO OR MORE NEGATIVE THAN A TERMINAL
POTENTIAL AT ONE OR MORE LOAD
TERMINALS OF ONE OR MORE GALLIUM a 182
NITRIDE (GAN) DEVICES INCLUDED ON ONE OR
MORE GAN SUBSTATRATES THAT ARE
ADJACENT TO A COMMON SUBSTRATE OF A
SEMICONDUCTOR BODY

v
APPLY THE PARTICULAR POTENTIAL AT THE
NODE OF THE POWER CIRCUIT TO THE
COMMON SUBSTRATE OF THE
SEMICONDUCTOR BODY, SUCH THAT THE
APPLIED PARTICULAR POTENTIAL REDUCES
AN AMOUNT OF CURRENT COLLAPSE IN THE
SEMICONDUCTOR BODY

FIG. 15
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OPERATIONAL GALLIUM NITRIDE
DEVICES

TECHNICAL FIELD

This disclosure relates to techniques and circuits related to
semiconductor devices.

BACKGROUND

Gallium Nitride (GaN) may be used as a fabrication
material for semiconductor devices. One of the primary
advantages of GaN is that GaN has a strain induced piezo-
electric charge that allows conduction channels (e.g., two-
dimensional electron gas (2DEG) region) to be formed
within the GaN based semiconductor device without the
need for doping the GaN. Eliminating the need for doping
the GaN, may reduce the impurity scattering effect of the
semiconductor device which may allow intrinsic carrier
mobilities to form in a current conducting channel (e.g.,
2DEG region) that has a low on-resistance (R5on)-

However GaN may contain traps that, due to a potentially
large band gap associated with GaN, may trap or pull and
retain mobile carriers within the GaN. These traps may lead
to an adverse effect associated with GaN based semicon-
ductor devices known as current collapse which causes a
decrease in a quantity of mobile carriers in the current
conducting channel. A semiconductor device may rely on a
combination of a GaN substrate and a common substrate
(e.g., a Silicon (Si) substrate, a Silicon-Carbide (SiC) sub-
strate, or other similar type of substrate made from a
material that exhibits similar electrical and chemical prop-
erties as Si or SiC) to improve performance of the semicon-
ductor device over other types of semiconductor devices
without increasing cost. However, semiconductor devices
that rely on a combination of a GaN substrate and a common
substrate may suffer from an abnormally high rate of traps.
Having a high rate of traps may render the GaN based
semiconductor device to be ineffective and unusable as a
High Electron Mobility Effect Transistors (HEMT). For
example, current collapse in a GaN based semiconductor
device can increase R 5, 0f the GaN based semiconductor
device by a factor of 100, and in effect, render the GaN
semiconductor device useless for most HEMT applications.

SUMMARY

In general, techniques and circuits are described for
configuring a semiconductor device to have one or more
GaN devices without suffering the effects of current col-
lapse. For example, a power circuit as described herein may
be configured to reduce or eliminate current collapse of one
or more GaN devices by applying a low potential to a
common substrate. In some examples, the low potential may
be directly applied by the power circuit to the GaN device,
and the low potential to be applied to the substrate may be
directly taken from the power circuit. In other examples, the
low potential may be applied by the power circuit via diodes
and/or switches.

A system may include a controller unit coupled to a power
circuit with input terminals for receiving power from a
power source. According to the techniques described herein,
the controller unit may determine a low potential of the
system, and deliver commands and/or signals to the power
circuit with at least one controller, to control the diodes
and/or switches on and/or off to apply a low potential to the
common substrate.
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In one example, a power circuit that comprises a semi-
conductor body, the semiconductor body comprising a com-
mon substrate, and a Gallium Nitride (GaN) based substrate
including one or more GaN devices adjacent to a front side
of the common substrate, wherein the common substrate is
electrically coupled to a node of the power circuit, the node
being at a particular potential that is equal to or more
negative than a potential at one or more load terminals of the
one or more GaN devices.

In another example, a semiconductor device that com-
prises a common substrate electrically coupled to a node of
a power circuit, and one or more Gallium Nitride (GaN)
devices, the one or more GaN devices comprising a GaN
substrate adjacent to a front side of the common substrate,
a two-dimensional electron gas (2DEG) region adjacent to
the GaN substrate and opposite the front side of the common
substrate, an Aluminum Gallium Nitride (AlGaN) layer
adjacent to the 2DEG region and opposite the GaN substrate,
and one or more load terminals, wherein the 2DEG region
comprises electrons being repelled away from the GaN
substrate toward the AlGaN layer based at least in part on a
particular potential at the node of the power circuit electri-
cally coupled to the common substrate, and wherein the
particular potential is equal to or more negative than a
potential at the one or more load terminals.

In another example, a method that comprises determining
aparticular potential at a node of a power circuit that is equal
to or more negative than a terminal potential at one or more
load terminals of one or more Gallium Nitride (GaN)
devices, wherein each of the one or more GaN devices is
included on one or more GaN substrates of a semiconductor
body, the one or more GaN substrates being adjacent to a
front side of a common substrate of the semiconductor body,
and applying the particular potential at the node of the power
circuit to the common substrate of the semiconductor body,
wherein applying the particular potential reduces an amount
of current collapse in the semiconductor body.

The details of one or more examples are set forth in the
accompanying drawings and the description below. Other
features, objects, and advantages of the disclosure will be
apparent from the description and drawings, and from the
claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram illustrating an example system
for powering a load, in accordance with one or more aspects
of the present disclosure.

FIG. 2 is a block diagram illustrating one example of a
power circuit of the example system shown in FIG. 1, in
accordance with one or more aspects of the present disclo-
sure.

FIG. 3 is a block diagram illustrating an example of a
single phase rectifier as one example of the power circuit of
FIG. 2.

FIGS. 4A-4B are conceptual diagrams illustrating
examples of the voltage difference between nodes and the
current flow through a semiconductor body of an example
power circuit 6A as shown in FIG. 3.

FIG. 5 is a block diagram illustrating an example of a
totem pole power factor correction stage as an additional
example of the power circuit of FIG. 2.

FIG. 6 is a block diagram illustrating an example of an
inverter as an additional example of the power circuit of
FIG. 2.
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FIG. 7 is a block diagram illustrating an example of a
three phase Vienna rectifier as an additional example of the
power circuit of FIG. 2.

FIGS. 8A-8C are block diagrams each illustrating an
example of a single phase Vienna rectifier as an additional
example of the power circuit of FIG. 2.

FIGS. 9A-9C are cross sectional layered views each
illustrating an example of a switch-based semiconductor
body of the example semiconductor body shown in FIG. 2.

FIG. 10 is a cross sectional layered view illustrating an
example of a diode-based semiconductor body of the
example semiconductor body shown in FIG. 2.

FIGS. 11-13 are block diagrams each illustrating example
semiconductor packages that include the example power
circuit shown in FIG. 2, in accordance with one or more
aspects of the present disclosure.

FIG. 14 is a block diagram illustrating an example of a
package with a GaN diodes and a GaN bidirectional switch
on a semiconductor body, in accordance with one or more
aspects of the present disclosure.

FIG. 15 is a flow chart illustrating example operations for
reducing current collapse of an example power circuit, in
accordance with one or more aspects of the present disclo-
sure.

DETAILED DESCRIPTION

Some electrical devices (e.g., transistors, diodes,
switches, and the like) are semiconductor based, or in other
words, made from semiconductor materials such as Silicon
(81), Silicon-Carbide (SiC), Gallium Nitride (GaN), and the
like. For example, a bidirectional GaN switch may include
one or more GaN devices (e.g., two GaN switches) with an
AlGaN layer and adhered to a substrate and/or substrate
combination, such as a combination of GaN substrate and Si
substrate. In some examples, using more than one Si sub-
strate layer or the like may reduce the lattice mismatch
between the GaN substrate and the Si substrate.

Some benefits to using GaN based components, such as
GaN high-electron-mobility transistors (HEMTs) are that
GaN based components are considered to have a higher
degree of performance at a lower cost than other types of
HEMTs or similar type semiconductor components. For
example, unlike other types of semiconductor components,
GaN based components may have high saturation velocities
(e.g.,2.5x107 cn/s for GaN compared to Si, 1x107 cm/s) and
breakdown field strength (e.g., 5x10° V/cm for GaN com-
pared to Si, ~3x10° V/cm). GaN based components may also
have direct and large bandgaps (e.g., 3.4 eV for GaN
compared to silicon 1.1 eV) allowing for lower specific on
resistance (“Rpysoa”) and a high operational temperature.

One of the primary advantages of GaN is that GaN has a
strain induced piezo-electric charge that allows conduction
channels (e.g., two-dimensional electron gas (2DEG)
region) to be formed within the GaN based semiconductor
device without the need for doping the GaN. Eliminating the
need for doping the GaN, may reduce the impurity scattering
effect of the semiconductor device which may allow intrin-
sic carrier mobilities to form in a current conducting channel
(e.g., 2DEG region) that has a low on-resistance (R ,5o5)-

However GaN may contain traps that, due to a potentially
large band gaps associated with GaN, may trap or pull and
retain mobile carriers within the GaN. These traps may lead
to an adverse effect associated with GaN based semicon-
ductor devices known as current collapse which causes a
decrease in a quantity of mobile carriers in the current
conducting channel. A semiconductor device may rely on a
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combination of a GaN substrate and a common substrate
(e.g., a Silicon (Si) substrate, a Silicon-Carbide (SiC) sub-
strate, or other similar type of substrate made from a
material that exhibits similar electrical and chemical prop-
erties as Si or SiC) to improve performance of the semicon-
ductor device over other types of semiconductor devices
without increasing cost. However, semiconductor devices
that rely on a combination of a GaN substrate and a common
substrate may suffer from an abnormally high rate of traps.
Having a high rate of traps may render the GaN based
semiconductor device to be ineffective and unusable as a
High Electron Mobility Effect Transistors (HEMT). For
example, current collapse in a GaN based semiconductor
device can increase R ¢, 0f the GaN based semiconductor
device by a factor of 100, and in effect, render the GaN
semiconductor device useless for most HEMT applications.

The ineffectiveness of a GaN based semiconductor device
as an type of HEMT may also prevents the use of a lateral
GaN device structure, which may be combined with a very
high-ohmic substrate, such as Si substrate layers, to allow
the integration of more than one switch. Therefore, current
collapse may prevent the integration of one or more bidi-
rectional GaN switches on a common substrate.

One technique for reducing current collapse involves the
passivation of the top surface of the AlGaN/GaN device. For
example, current collapse may be reduced by increasing the
SiN deposition and post annealing temperatures on the
surface of the AlGaN/GaN device. Other combinations of
depositions, such as hydrophobic passivation to prevent
DC-to-RF dispersion, may be used in the passivation of the
surface of the AlGaN/GaN device to reduce current collapse.
However, the passivation of the top surface of the device
does not reduce interface traps at the AlGaN layer or the
GaN substrate (i.e., GaN buffer).

Another technique for reducing current collapse includes
the addition of Indium Gallium (InGaN) to the conducting
channel between the AlGaN layer and the GaN substrate.
Adding InGaN to the conducting channel may improve the
electron transport properties, by suppressing current col-
lapse that is related to the surface states. However, adding
InGan involves adding additional material between the
AlGaN layer and the GaN substrate which may increase
cost.

Another technique for reducing current collapse in
AlGaN/GaN HEMTs is to adopt backside doping (i.e.,
phosphorus) in the bottom of the GaN substrate. By doping
the backside of the GaN substrate with phosphorus, the
energy band structure can be regulated and more electrons
can be accumulated in the channel rather than in other areas
of the semiconductor device.

In general, circuits and techniques of this disclosure may
enable a semiconductor device (e.g., “semiconductor body™)
to have one or more GaN devices and a “common” substrate
by eliminating, or at least reducing, current collapse. The
ability of the semiconductor device to have one or more GaN
devices and a common substrate is achieved, at least in part,
through careful selection of the polarity of the common
substrate. A positive potential on the common substrate
relative to the source potential of the GaN HEMT, may
attract electrons from the 2DEG region towards the backside
of the GaN HEMT. Below the 2DEG region, the traps that
are present in the GaN substrate (predominantly carbon) will
capture these escaped electrons. As carbon traps are located
within the band gap of the GaN substrate, the GaN substrate
will effectively capture the escaped electrons while at room
temperature operation.
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In some examples, the polarity of a GaN device may
frequently change, as described in FIG. 3 below. For
example, none of the power terminals of a GaN device that
acts as a bidirectional switch may generally provide a low
potential throughout the operation of the GaN device when
the GaN device is configured as a bidirectional switch.
Instead, in some examples, the only low potential continu-
ously available to such a GaN device may be at an input
terminal or at an output terminal of the power circuit in
which the GaN device is being used.

In some examples, a semiconductor body of a power
circuit may be integrated with one or more additional
switches of the power circuit. The one or more additional
switches may cause a low potential (e.g., potential V-) at a
node of the power circuit to be applied to the backside of the
common substrate of the semiconductor body throughout the
operation of the semiconductor body. In other words, the one
or more additional switches may electrically couple poten-
tial V- at a node of the power circuit available to the
semiconductor body, to the backside of the common sub-
strate of the semiconductor body structure in order to push
the electrons from the 2DEG region of the GaN device
towards the interface between the GaN layer and the AlGaN
layer. By pushing the electrons towards the interface, the
electrons may be prevented from escaping the 2DEG region
due to the barrier at the heterojunction of the AlGaN layer
and the GaN substrate. This barrier is a physical barrier to
the electrons towards the AlGaN layer on top of the 2DEG,
which comes from the nature of the heterojunction. How-
ever, towards the GaN substrate there is no barrier, but only
a biasing, which is visible as curvature of the valence and
conduction band. The circuits and techniques of this disclo-
sure may provide a semiconductor device (e.g., a GaN
HEMT) that, as a result of having a common substrate that
remains coupled to a low potential, is less susceptible to
current collapse. A particular potential applied to the com-
mon substrate should be either more negative or at most
equal to the lowest potential occurring at the load terminals
at any time during the operation of the circuit. In some
examples, the load terminals may be one of a source
terminal, a drain terminal, a cathode electrode, or an anode
electrode. In yet other examples, by applying the particular
potential equal to or more negative than the load terminals,
the semiconductor will have the right biasing of the con-
duction bands, keeping the electrons within the 2DEG
region. In this way the techniques and circuits may provide
a semiconductor device having one or more GaN devices
(e.g., bidirectional switches and the like) and a single
common substrate that can operate in a power circuit with-
out suffering from current collapse, and as a result, may
lower manufacturing costs, reduce physical size, and
increases efficiency of the semiconductor devices over other
types of semiconductor devices.

FIG. 1 is a block diagram illustrating example system 1
for powering load 4, in accordance with one or more aspects
of the present disclosure. In the example of FIG. 1, system
1 has multiple separate and distinct components shown as
power source 2, power circuit 6, load 4, and controller unit
5, however system 1 may include additional or fewer
components. For instance, power source 2, power circuit 6,
load 4, and controller unit 5 may be four individual com-
ponents or may represent a combination of one or more
components that provide the functionality of system 1 as
described herein.

System 1 includes power source 2 which provides elec-
trical energy in the form of power to system 1. Numerous
examples of power source 2 exist and may include, but are
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6

not limited to, power grids, generators, power transformers,
batteries, solar panels, windmills, degenerative braking sys-
tems, hydro electrical generators, or any other form of
electrical power devices capable of providing electrical
power to system 1.

System 1 includes power circuit 6 which operates as an
intermediary device for controlling the flow of electrical
energy provided by power source 2 as is used to power load
4. For example, power circuit 6 may be a single switch or
may be a plurality of switches for turning on and/or turning
off the flow of electrical energy from source 2 to load 4. In
some examples, the switches may be bidirectional (e.g.,
“bilateral”) switches and/or diodes.

In some examples, power circuit 6 may be a switch-based
power converter that converts electrical energy provided by
power source 2 into a usable form of electrical power for
load 4. For example, power circuit 6 may be an AC-to-DC
converter that outputs power with a rectified DC voltage
from an AC voltage received at an input of the AC-to-DC
converter. One example of such as AC-to-DC converter may
be referred to as a rectifier. In some examples, the rectifier
may have a half-bridge configuration or a full-bridge con-
figuration. In other examples, the rectifier may include
switches, such as bidirectional switches, and diodes. Power
circuit 6 may instead comprise a DC-to-AC converter con-
figured to output power with an AC voltage from a DC
voltage received at an input of the DC-t0-AC converter. One
example of such a DC-to-AC converter may be referred to
as an inverter. In some examples, the inverter may use four
switches, such as bidirectional switches in a H-bridge con-
figuration to convert the DC voltage to an AC voltage. In still
other examples, power circuit 6 may be a DC-to-DC con-
verter that is capable of outputting power with a DC voltage
that is higher or lower than an input DC voltage. Examples
of power circuit 6 may include battery chargers, micropro-
cessor power supplies, and the like. System 1 includes load
4 which receives the electrical power (e.g., voltage, current,
etc.) converted by power circuit 6 and in some examples,
uses the electrical power to perform a function. Numerous
examples of load 4 exist and may include, but are not limited
to, computing devices and related components, such as
microprocessors, electrical components, circuits, laptop
computers, desktop computers, tablet computers, mobile
phones, batteries, speakers, lighting units, automotive/ma-
rine/aerospace/train related components, motors, transform-
ers, or any other type of electrical device and/or circuitry
that receives a voltage or a current from a power converter.

Controller unit 5 of system 1 is coupled to the input of
power circuit 6 at link 8, the output of power circuit 6 at link
10. Controller unit 5 is further coupled to power circuit 6 via
link 9 to send signals or commands to control power circuit
6 for controlling various operations of power circuit 6.

Controller unit 5 is optional and may comprise any
suitable arrangement of hardware, software, firmware, or
any combination thereof] to perform the techniques attrib-
uted to controller unit 5 herein, such as, but not limited to,
implementing determining a low potential of power circuit
6 and/or applying a low potential of power circuit 6 to a
common substrate of power circuit 6. For example, control-
ler unit 5 may include any one or more microprocessors,
digital signal processors (DSPs), application specific inte-
grated circuits (ASICs), field programmable gate arrays
(FPGAs), or any other equivalent integrated or discrete logic
circuitry, as well as any combinations of such components.
When controller unit 5 includes software or firmware, con-
troller unit 5 further includes any necessary hardware for
storing and executing the software or firmware, such as one
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or more processors or processing units. In general, a pro-
cessing unit may include one or more microprocessors,
DSPs, ASICs, FPGAs, or any other equivalent integrated or
discrete logic circuitry, as well as any combinations of such
components.

As described in detail below, controller unit 5 may
determine a low potential of power circuit 6 and configure
power circuit 6 such that the low potential of power circuit
6 is applied to a common substrate of a semiconductor
device of power circuit 6. For example, controller unit 5 may
receive information via link 8 and/or 10 that indicates a low
potential of power circuit 6. Based on the information
received via link 8 and/or 10, controller unit 5 may provide
a command or signal via link 9 to power circuit 6 that causes
the low potential of power circuit 6 to be applied to a
common substrate of a semiconductor device of power
circuit 6.

Power source 2 may provide electrical power with a first
voltage or current level over link 8 and load 4 may receive
electrical power, converted by power circuit 6 to have a
second voltage or current level, over link 10. Links 8 and 10
represent any medium capable of conducting electrical
power from one location to another. Examples of links 8 and
10 include, but are not limited to, physical and/or wireless
electrical transmission mediums such as electrical wires,
electrical traces, conductive gas tubes, twisted wire pairs,
and the like. Link 10 provides electrical coupling between
power circuit 6 and load 4 and link 8 provides electrical
coupling between power source 2 and power circuit 6. L.oad
4 is electrically coupled to power circuit 6 which is electri-
cally coupled to power source 2.

In the example of system 1, the voltage or current level of
the electrical power delivered by power source 2 can be
converted by power circuit 6 to an AC or DC voltage or
current level used by load 4. For instance, power source 2
may output, and power circuit 6 may receive, power that has
a first AC or DC voltage or current level at link 8. In some
examples, controller unit 5 may issue commands over link
9 that cause power circuit 6 to convert the first AC or DC
voltage or current to a second AC or DC voltage or current
that is required by load 4. Power circuit 6 may output, and
load 4 may receive the power converted by power circuit 6
at link 10. Load 4 may use the power received from power
circuit 6 to perform a function (e.g., power a microproces-
sor).

FIG. 2 is a block diagram illustrating one example of
power circuit 6 of example system 1 shown in FIG. 1, in
accordance with one or more aspects of the present disclo-
sure. FIG. 2 is described within the context of system 1 of
FIG. 1.

In the example of FIG. 2, power circuit 6 includes two
input terminals 20A and 20B (collectively referred to as
“input terminals 20), two output terminals 22A and 22B
(collectively referred to as “output terminals 22”), and
semiconductor body 111. Semiconductor body 111 is shown
having GaN device 110A and an optional GaN device 110B
(collectively referred to as “GaN devices 110”) on GaN
substrate 112 and common substrate 114. In the example of
FIG. 2, semiconductor body 111 of power circuit 6 is
optionally connected to input terminals 20 and output ter-
minals 22 by, respectively, input links 24A and 24B (col-
lectively referred to as “links 24”) and output links 26 A and
26B (collectively referred to as “links 26”). At least one of
input terminals 20 and/or output terminals 22 provide a low
potential (“V-") to common substrate 114 via at least one of
links 24 and 26. FIG. 2 further illustrates link 9 coupled to
power circuit 6, for receiving, for example, signals or
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commands from controller unit 5 for controlling various
functions and operations of power circuit 6.

Input terminals 20 receive power from power source 2 to
power circuit 6 as shown by links 8A and 8B of link 8, and
as described in FIG. 1. Output terminals 22 output power
from power circuit 6 to load 4 as shown by links 10A and
10B of link 10, and as described in FIG. 1.

Potential V- may be any particular potential at a node in
power circuit 6 that maintains the electrons within the 2DEG
region due to the bending of the conduction band. In some
examples, potential V— may be received from or provided by
at least one of input terminals 20 or output terminals 22. As
used herein, a node of a power circuit represents any point
of the power circuit from which an electrical connection to
a substrate of a semiconductor body can be made. For
example, input terminals 20 and output terminals 22 each
represent example “nodes” of power circuit 6. In addition,
links 24 and 26 may represent nodes of power circuit 6.
Other terminals of other devices and semiconductor bodies
of power circuit 6 may represent additional nodes. In some
examples, a node may comprise a load terminal of a switch
(e.g., a source or a drain terminal of'a GaN switch, a cathode
or anode terminal of a GaN diode, etc.).

In other examples, potential V- may be directly applied to
common substrate 114, causing electrons to be repelled
away from a GaN substrate towards an AlGaN layer reduc-
ing and/or eliminating current collapse of a GaN device, as
described in more detail below in FIG. 9A. In yet other
examples, potential V- may be the lowest potential available
to power circuit 6. In some examples, potential V- may not
be the lowest potential available to power circuit 6, but
rather, may be a potential that is strong enough to repel
electrons toward the AlGaN layer away from the GaN
substrate. In some examples, is equal to or more negative
than a potential at one or more load terminals of the one or
more GaN devices. In other examples, potential V-
increases the quantity of the electrons being repelled from
the GaN substrate to the AlGaN layer of the one or more
GaN devices.

Input links 24A and 24B may provide a substantially
constant potential, such as potential V-. In some examples,
input links 24 may provide a substantially constant potential,
such as potential V- to one or more diodes (not shown). In
other examples, input links 24 may provide alternating
potentials, such as positive potential V+ and potential V- to
one or more diodes (not shown); however, the diodes may
apply only a substantially constant potential V- to common
substrate 114. In some examples, links 24 may be a node of
the power circuit with a particular potential, potential V-.

Output links 26A and 26B may provide a substantially
constant potential, such as potential V-. In some examples,
output links 26 may provide a substantially constant poten-
tial, such as potential V- to one or more diodes (not shown).
In other examples, output links 26 may provide alternating
potentials, such as positive potential V+ and potential V- to
one or more diodes (not shown), while the diodes apply only
a substantially constant potential V- to common substrate
114. In some examples, links 26 may be a node of the power
circuit with a particular potential, potential V-.

Semiconductor body 111 includes GaN substrate 112
overlaid, and adjacent to common substrate 114, and repre-
sents a combination of semiconductor materials being used
to support a GaN device, such as one or more GaN devices
110. In some examples, semiconductor body 111 may have
a combination of one or more GaN switches, GaN bidirec-
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tional switches, GaN diodes, non-GaN switches, non-GaN
bidirectional switches, non-GaN diodes, and the like on
common substrate 114.

One or more GaN devices 110 may represent one or more
GaN switches, and/or one or more GaN bidirectional
switches, and/or one or more GaN diodes. GaN devices 110
may be located on common substrate 114. In yet other
examples, GaN devices 110 may not be located on a
common substrate in its semiconductor structure, but may
instead be located on a common substrate by itself or with
other GaN devices. In some examples, GaN devices 110
may have one or more load terminals. In other examples, the
one or more load terminals may be one or more drain
terminals of the one or more GaN devices, one or more
source terminals of the one or more GaN devices, one or
more cathode electrodes of the one or more GaN devices,
and one or more anode electrodes of the one or more GaN
devices. In yet other examples, an electrode of GaN devices
may be a node of the power circuit with a particular
potential, potential V—-. In some examples, the electrode of
GaN devices may be at least one of a cathode electrode of
a GaN diode or a source electrode of a GaN switch.

GaN substrate 112 is a semiconductor material, such as
Gallium Nitride (GaN). In some examples, GaN substrate
112 may be substantially free from impurities. For example,
GaN substrate 112 may be made of GaN material that is
greater than fifty percent pure GaN. In other examples, GaN
substrate 112 may have some impurities due to doping. In
one example, GaN substrate 112 may have phosphorous
impurities (2x10'® cm™) from doping the backside of the
GaN substrate.

Common substrate 114 can be formed from one or more
semiconductor materials that include silicon (Si), silicon
carbide (SiC), sapphire, zinc oxide, and/or the like. In other
examples, common substrate 114 may have one or more
layers of semiconductor material as necessary to reduce
lattice mismatch between common substrate 114 and another
substrate, such as GaN substrate 112. In yet other examples,
common substrate may have other non-GaN based sub-
strates with other non-GaN based devices. In some
examples, common substrate 114 may be electrically
coupled at a node of the power circuit, such that the node
applies a particular potential, such as potential V-. In other
examples, the back side of common substrate 114 may have
an electrode that is electrically isolated from each of one or
more electrodes of the one or more GaN devices. In yet other
examples, a particular potential at the node of the power
circuit, such as potential V-, is coupled to the electrode of
the common substrate, and the particular potential (e.g.,
potential V-) increases a quantity of the electrons being
repelled from the GaN substrate to the AlGaN layer.

In some examples of FIG. 2, one or more input terminals
20 and/or output terminals 22 may be electrically connected
to semiconductor body 111 (e.g., the backside of semicon-
ductor body 111), by, respectively, optional input terminal
links 24 and optional output terminal links 26. In other
examples, one or more input terminals 20 and/or output
terminals 22 may be electrically connected to one or more
diodes on semiconductor body 111 (not shown), which are
electrically connected to the backside of semiconductor
body 111, by, respectively, optional input terminal links 24
and optional output terminal links 26. In yet other examples,
the one or more diodes (not shown) may be physically
separate from semiconductor body 111. In some examples,
one of the optional input terminal links 24 may have a
potential V- and may be electrically connected to semicon-
ductor body 111. In other examples, one of the optional
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output terminal links 26 may have a potential V- and may
be electrically connected to semiconductor body 111. In yet
other examples, one of the optional input terminals 24 or
output terminals 26 may be electrically connected to GaN
substrate 112 and/or common substrate 114 (e.g., the back-
side of common substrate 114).

In accordance with techniques of this disclosure, control-
ler unit 5 may determine a potential V- of power circuit 6
based on information controller unit 5 receives over links 8
and 10. For example, controller unit 5 may receive infor-
mation indicating that a low potential of power circuit 6
corresponds to a potential of input terminal 20A. Controller
unit 5 may apply the low potential of power circuit 6 to
common substrate 114. For example, controller unit 5 may
cause link 24A to couple or link the potential V- at input
terminal 20A to common substrate 114.

In one example, controller unit 5 as described in FIG. 1
may determine a particular potential (e.g., potential V-) at a
node of a power circuit that is equal to or more negative than
a terminal potential at one or more load terminals of one or
more Gallium Nitride (GaN) devices 110, wherein each of
one or more GaN devices 110 is included on one or more
GaN substrates 112 of semiconductor body 111, one or more
GaN substrates 112 being adjacent to a front side of common
substrate 114 of semiconductor body 111.

For example, controller unit 5 may receive information
via link 8 and/or 10 that indicates a particular potential (e.g.,
potential V-) of one or more GaN devices 110 of power
circuit 6. Based on the information received via link 8 and/or
10, controller unit 5 may provide a command or signal via
link 9 to power circuit 6 that causes potential V- of power
circuit 6 to be applied to common substrate 114 of semi-
conductor body 111 of power circuit 6.

Controller unit 5 may apply the particular potential at the
node of the power circuit to a common substrate of a
semiconductor body, such that the applied particular poten-
tial reduces an amount of current collapse in the semicon-
ductor body. For example, controller unit 5 may apply the
particular potential (e.g., potential V-) at the node (e.g.,
input terminals 20, output terminals 22) of the power circuit
to common substrate 114 of semiconductor body 111, such
that the applied particular potential (e.g., potential V-)
reduces an amount of current collapse in semiconductor
body 111.

In some examples, the semiconductor body at which
controller unit 5 applies the particular potential comprises
the one or more GaN devices, the one or more GaN devices
include one or more GaN substrates adjacent to a front side
of the common substrate of the semiconductor body, and the
applied particular potential at the node of the power circuit
is equal to or more negative than a potential at the one or
more load terminals. In other words, semiconductor body
111 at which controller unit 5 applies (links 24, 26) the
particular potential (e.g., potential V-) comprises one or
more GaN devices 110, one or more GaN devices 110
include one or more GaN substrates 112 adjacent to a front
side of common substrate 114 of semiconductor body 111,
and applied particular potential (e.g., potential V-) at the
node (e.g., input terminals 20, output terminals 22) of the
power circuit is equal to or more negative than a potential at
the one or more load terminals (e.g., a drain or source
terminal of a GaN switch, a cathode or an anode of a GaN
diode) of one or more GaN devices 110.

In some examples, controller unit 5 may apply the par-
ticular potential at the node of the power circuit by electri-
cally coupling an input potential of an input terminal of the
power circuit or an output potential of an output terminal of
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the power circuit to the common substrate. In other words,
controller unit 5 may apply potential V- by electrically
coupling (e.g., links 24, 26) input terminals 20 or output
terminals 22 to common substrate 114 of semiconductor
body 111.

In other examples, controller unit 5 may apply the par-
ticular potential at the node of the power circuit by config-
uring the one or more Gallium Nitride (GaN) devices to
electrically couple an input potential of an input terminal of
the power circuit or an output potential of an output terminal
of the power circuit to the common substrate. For example,
controller unit 5 may apply potential V- by configuring one
or more GaN devices 110 to electrically couple (e.g., links
24, 26) input terminals 20 or output terminals 22 to common
substrate 114 of semiconductor body 111.

In yet other examples, controller unit 5 may apply the
particular potential at the node of the power circuit by
configuring one or more non-Gallium Nitride (non-GaN)
devices to electrically couple a potential of an input terminal
of the power circuit or an output terminal of the power
circuit to the common substrate. For example, controller unit
5 may apply potential V- by configuring one or more
non-GaN devices (e.g., diodes, switches, bidirectional
switches, etc.) to electrically couple (e.g., links 24, 26) input
terminals 20 or output terminals 22 to common substrate 114
of semiconductor body 111.

GaN devices 110 may rely on a combination of a GaN
substrate and a common substrate (e.g., a Silicon (Si)
substrate, a Silicon-Carbide (SiC) substrate, or other similar
type of substrate made from a material that exhibits similar
electrical and chemical properties as Si or SiC) to improve
performance of the semiconductor device over other types of
semiconductor devices without increasing cost. However,
semiconductor devices, such as GaN devices 110 that rely on
a combination of a GaN substrate and a common substrate
may suffer from an abnormally high rate of traps. Having a
high rate of traps may render the GaN based semiconductor
device to be ineffective and unusable as a High FElectron
Mobility Effect Transistors (HEMT). For example, current
collapse in a GaN based semiconductor body with GaN
devices 110 can increase R, of the GaN devices 110 by
a factor of 100, and in effect, render GaN devices 110 useless
for most HEMT applications. However, by applying poten-
tial V- to the common substrate to repel electrons away
from the backside of common substrate 114 of semiconduc-
tor body 111, the current collapse of GaN devices 110 may
be reduced and/or eliminated. By reducing and/or eliminat-
ing current collapse in GaN devices 110, power circuit 6
may use GaN devices 110 as a high-electron-mobility tran-
sistor (HEMT) by itself or with other GaN devices on the
common substrate of semiconductor body 111. In some
examples, the reduction and/or elimination of the current
collapse in GaN devices 110 may also significantly reduce
and/or eliminate the increase of R

FIG. 3 is a block diagram illustrating an example of a
single phase rectifier as one example of power circuit 6 of
FIG. 2. In the example of FIG. 3, power circuit 6A includes
input links 8A and 8B of link 8, link 9, and output links 10A
and 10B of link 10, link 54, which may correspond to links
24 and/or link 26 with potential V-, input terminals 20, and
output terminals 22, as described above in FIGS. 1-2. In the
example of FIG. 3, power circuit 6A also includes semicon-
ductor bodies 30A, 30B with GaN devices, such as GaN
bidirectional switches 32A, 32B, and GaN diodes 34A-34D.
In the example of FIG. 3, GaN bidirectional switches 32A,
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32B are driven by drivers 40A, 40 with driver signals 36A,
368, 38A, 38B from driver input signal unit 48 by driver
input 42.

Semiconductor bodies 30A, 30B represent one example
of semiconductor body 111, as described in FIG. 2. In some
examples, semiconductor bodies 30A, 30B may be on
separate GaN substrates and separate common substrates. In
other examples, semiconductor bodies 30A, 30B may be on
separate GaN substrates, but on a single common substrate.
In yet other examples, semiconductor bodies 30A, 30B may
be a single GaN substrate, and a single common substrate.
In some examples, at least one of input terminals 20 or
output terminals 22 may be electrically connected to semi-
conductor bodies 30A, 30B with a substantially constant
potential V-. In other examples, semiconductor bodies 30A,
30B may have one or more GaN devices, such as one or
more GaN switches, one or more GaN bidirectional
switches, and/or one or more GaN diodes. In yet other
examples, semiconductor body 30B may be a silicon-based
semiconductor body instead of a GaN-based semiconductor
body. In some examples, semiconductor body 30B may
include two GaN devices and two non-GaN devices, such as
two low frequency diodes 34C and 34D (e.g., operating at 50
Hz) made with silicon, and two high frequency diodes 34A
and 34B (e.g., operating at typically 100 kHz) made with
GaN. In other examples, semiconductor body 30A may
further include one or more non-Gallium Nitride (non-GaN)
devices arranged on the front side of the common substrate,
wherein the node of the power circuit comprises an electrode
of at least one of the one or more non-GaN devices, and
wherein the electrode of the at least one of the one or more
non-GaN devices comprises at least one of a cathode elec-
trode of a non-GaN diode or a source electrode of a
non-GaN switch.

GaN bidirectional switches 32A, 32B may conduct power
in either direction when on and isolate the switched termi-
nals when off. GaN bidirectional switches 32A, 32B may
correspond to GaN devices 110 as described in FIG. 2. In
some examples, GaN bidirectional switches 32A, 32B may
be located on top of or overlaid on common substrate 114
and GaN substrate 112 in combination with a plurality of
other semiconductor materials to form a layered semicon-
ductor structure. In some examples, GaN switches may be
used in place, or in addition to GaN bidirectional switches
32A, 32B.

GaN diodes 34A-34D are semiconductor diodes formed
by semiconductor material, include two electrical terminals
(e.g., a cathode and an anode) and allow an electric current
to pass in one direction, while blocking current in the
opposite direction. GaN diodes 34 A-34D may correspond to
GaN devices 110 as described in FIG. 2. In some examples,
GaN diodes 34A-34D may be located on common substrate
114 and GaN substrate 112 in combination with a plurality
of other semiconductor materials to form a layered semi-
conductor structure, such as semiconductor body 111 as
described in FIG. 2.

Driver 40A, 40B are gate drivers for controlling a switch,
such as bidirectional switches 32A, 32B. Driver 40A is
coupled to switch 32A such that an output signal produced
by driver 40A may cause bidirectional switch 32A to tran-
sition from operating between an on-state and an off-state. In
other words, driver 40A may output a driver signal to
bidirectional switch 32A that causes bidirectional switch
32A to transition to operating in a “switched-on” state and/or
causes switch bidirectional 32A to transition to operating in
a “switched-oft” state. Driver 40B is coupled to bidirectional
switch 32B such that an output signal produced by driver
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34B may cause bidirectional switch 32B to transition from
operating between an on-state and an off-state. In other
words, driver 40B may output a driver signal to bidirectional
switch 32B that causes bidirectional switch 32B to transition
to operating in a “switched-on” state and/or causes bidirec-
tional switch 32B to transition to operating in a “switched-
off” state.

Driver input signal unit 48 is used by power circuit 6, as
described in FIG. 1, to provide a drive strength signal and a
suitable driver signal for causing drivers 40A, 40B to cause
bidirectional switches 32A, 32B to turn-on and/or turn-off in
order to rectify an AC voltage of a power input to be
delivered as a DC voltage of a power output at output
terminals 22. Driver input signal unit 48 may detect a
voltage level at semiconductor body 30A (e.g., a potential
between nodes 50, 52) and receive a driver signal via link
42. Driver input signal unit 48 may provide a drive strength
signal (based at least in part on the voltage level at semi-
conductor body 30A) over link 36A to driver 40A and over
link 36B to driver 40B. Driver input signal unit 48 may
provide a driver signal (based at least in part on the driver
signal received over link 42) over link 38A to driver 40A and
over link 38B to driver 40B. The signals outputted by driver
input signal unit 48 via links 36A, 38A may cause driver
40A to cause bidirectional switch 32A to transition from
operating between an on-state and an off-state and the
signals outputted by driver input signal unit 48 via links
368, 38B may cause driver 40B to cause bidirectional
switch 32B to transition from operating between an on-state
and an off-state.

In some examples, semiconductor bodies 30A, 30B may
each have an individual common substrate. In other
examples, semiconductor bodies 30A, 30B may have a
common substrate. In yet other examples, bidirectional
switches 32A, 32B may each be on an individual common
substrate. In some examples, bidirectional switches 32A,
32B may be on a common substrate. In other examples,
diodes 34A-34D, and bidirectional switches 32A, 32B may
be located on a common substrate. In yet other examples,
any number of diodes and/or bidirectional switches may be
on a common substrate.

For example, controller unit 5 may receive information
via link 8 and/or 10 that indicates a low potential of power
circuit 6A. Based on the information received via link 8
and/or 10, controller unit 5 may provide a command or
signal via link 9 to power circuit 6A that causes potential V-
of power circuit 6A to be applied to a common substrate of
a semiconductor body 30A of power circuit 6A. In some
examples, potential V- may be delivered by link 54 directly
from an input terminal or an output terminal, such as input
terminals 20 and output terminals 22, as described in FIG. 2
to a common substrate (e.g., backside of the common
substrate, common substrate 114 as described in FIG. 2)
containing any number of GaN devices, such as diodes,
switches, and bidirectional switches. In other examples,
potential V- may be delivered by from an input terminal or
an output terminal, such as input terminals 20 and output
terminals 22, as described in FIG. 2 to one or more diodes,
which are electrically connected to a common substrate by
link 54 (e.g., to the backside of the common substrate)
containing any number of GaN device, such as diodes,
switches, and bidirectional switches. In some examples, the
diodes electrically connected to the common substrate may
be located on the common substrate.

FIGS. 4A-4B are conceptual diagrams illustrating
examples 60A and 60B of the voltage difference between
nodes 50 and 52 and the current flow through semiconductor
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body 30A of an example power circuit 6A as shown in FIG.
3. In the example of FIG. 4A, example 60A corresponds to
the voltage difference between nodes 50 and 52 at positive
line voltage, (e.g., there is a positive voltage at link 20A
relative to 20B). In the example of F1G. 4A graph 61 A shows
the voltage and graph 62A shows the current.

In the example of FIG. 4B, example 60B corresponds to
the voltage difference between nodes 50 and 52 at negative
line voltage (e.g., there is a negative voltage at link 20A
relative to 20B). In the example of FIG. 4B, graph 61B
represents the voltage and graph 62B represents the current.

In some examples, timing diagrams 60A, 60B demon-
strate that power circuit 6A using GaN devices, such as
bidirectional switches 32A, 32B, frequently change polarity,
and neither of the two power terminals (e.g., nodes 50, 52,
as described in FIG. 3) of a bidirectional switch arrangement
provide a substantially constant low potential, such as poten-
tial V- as described in FIG. 2, throughout the operation of
the bidirectional switch. In other examples, diodes (not
shown) may be used in combination with the potentials
available at nodes 50, 52 to provide a substantially constant
low potential, such as potential V-.

FIG. 5 is a block diagram illustrating an example of a
totem pole power factor correction stage (totem pole PFC)
of power circuit 6B of FIG. 2. FIG. 5 is described below
within the context of system 1 of FIG. 1 and power circuit
6 of FIG. 2.

In the example of FIG. 5, the totem pole PFC of power
circuit 6B includes links 8A and 8B of link 8, link 9, and
links 10A and 10B of link 10, input terminals 20, and output
terminals 22 as described in FIG. 2. In addition, power
circuit 6B includes semiconductor body 65, GaN switches
66A, 66B, link 67 with potential V-, diodes 68A-68D,
inductor 64, and capacitor 63. Semiconductor body 65 may
correspond to semiconductor bodies 110, 30A, 30B as
described in FIGS. 2-3, GaN switches 66A and 66B may
correspond to GaN devices 110 as described in FIG. 2, link
67 may correspond to links 24, 26 as described in FIG. 2,
and diodes 68A-68D may correspond to GaN diodes 34A-
34D as described in FIG. 3.

In the example of FIG. 5, power circuit 6B may consist of
semiconductor body 65 with two GaN switches 66A and
66B being coupled to inductor 64, which is coupled to the
link 8A at input terminal 20A between diodes 68B and 68D.
In some examples, at positive line voltage GaN switch 66B
may act as a switch and GaN switch 66A may act as a
synchronous rectifying element (diode). In other examples,
at negative voltage, GaN switch 66A may act as an active
switch and GaN switch 66B may act as the synchronously
controlled diode. In the example of FIG. 5, potential V- at
output terminal 22B is identical to the source potential of
GaN switch 66B and is connected to the common substrate
of semiconductor body 65 by link 67 (e.g., to the backside
of common substrate 114 as described in FIG. 2). In some
examples, semiconductor body 65 may have a common
substrate including one or more GaN devices, such as GaN
switches 66A and 66B. In yet other examples, a low poten-
tial of any input terminals 20 or output terminals 22 may be
electrically coupled to the common substrate of semicon-
ductor body 65, to provide potential V-. In some examples,
diodes such as GaN diodes 34A-34D may be used to
electrically couple potential V- from any of input terminals
20 or output terminals 22 to the common substrate. In other
examples, capacitor 63 may be used to filter the output, such
as potential V- to output terminals 22 and links 10. In yet
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other examples, inductor 64 may be used to filter the AC
input from a power source, such as power source 2 as
described in FIG. 1.

Switches 69A and 69B are optional and may provide a
low-ohmic current path parallel to diodes 68A and 68D,
which may help to lower the forward voltage drop, and yield
a better efficiency of the circuit. In some examples, switches
69A and 69B may be superjunction devices and made of
silicon. In other examples, switches 69A and 69B may be
superjunction devices and made of GaN.

Diodes 68B and 68C are protection diodes coupling input
terminals 20A and 20B toward the output capacitor to handle
surge currents and/or rush-in currents during a power-up
sequence.

FIG. 6 is a block diagram illustrating an example of an
inverter as an additional example of power circuit 6C of
FIG. 2. FIG. 6 is described below within the context of
system 1 of FIG. 1.

In the example of FIG. 6, the inverter of power circuit 6C
includes links 8 A and 8B of link 8, link 9, and links 10A and
10B of link 10, input terminals 20, and output terminals 22
as described in FIG. 2. In the example of FIG. 6, the inverter
of power circuit 6C includes drivers 76A-76D, which may
correspond to drivers 40A, 40B as described in FIG. 3.
Power circuit 6C also includes link 74, which may corre-
spond to links 24 and/or links 26. In addition, power circuit
6C includes potential V- and semiconductor bodies 70A,
70B. Semiconductor bodies 70A, 70B may correspond to
semiconductor bodies 110, 30A, 30B as described in FIGS.
2-3. In the example of FIG. 6, semiconductor bodies 70A,
70B may include GaN switches and/or GaN diodes in a
half-bridge configuration and/or a H-bridge configuration,
along with switching nodes 78A, 78B.

In some examples, GaN switches 72A and 72B may block
in the same direction (see semiconductor body 111C of FIG.
9C). In the example of FIG. 6, the low potential, such as
potential V-, is the source potential of the low side switch
in each half bridge, such as GaN switches 72B and 72D
respectively. In some examples, potential V- coupled to the
common substrate of semiconductor bodies 70A, 70B may
be the source potential of the two low side GaN switches
72B, 72D, which is the potential at link 20B.

The h-bridge configuration of inverter 70 is made of two
half-bridge circuits that are coupled to load 80 including an
inductor (not shown in FIG. 6) at each of their respective
switching nodes. In other words, the h-bridge of inverter 70
includes first and second drivers 76 A, 76B for controlling,
respectively, a first switch 72A coupled to a second switch
72B at a first switching node 78A of a first half-bridge and
third and fourth drivers 76C, 76D for controlling a third
switch 72C coupled to a fourth switch 72D at a second
switching node 78B of a second half-bridge. The first and
second switching nodes 78 A, 78B of the h-bridge of inverter
70 form an output port. A first terminal 22A of the output
port corresponds to first switching node 78A and a second
terminal 22B of the output port corresponds to second
switching node 78B. Load 80 is coupled to both first
switching node 78A of the first half-bridge and second
switching node 78B of the second half-bridge at first termi-
nal 22A and second terminal 22B of the output port. A
current may travel between load 80 and first switching node
78 A of power circuit 6C and may further travel between load
80 and second switching node 78B of power circuit 6C.

In accordance with the techniques and circuits described
herein, drivers 76A, 76B of the first half-bridge of power
circuit 6C may control the amount of time that both first
switch 72A of power circuit 6C and second switch 72B of
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power circuit 6C transition from off-states to on-states and
from on-states to off-states based on a voltage at the first
half-bridge of power circuit 6 when currents travel between
first switching node 78A of power circuit 6C and load 80 to
prevent overshoots that may occur at either first switch 72A
of power circuit 6C or the second switch 72B of power
circuit 6C. Alternatively or additionally, in accordance with
the techniques and circuits described herein, drivers 76C,
76D of the second half-bridge of power circuit 6C may
control the amount of time that both third switch 72C of
power circuit 6C and fourth switch 72D of power circuit 6C
transition from off-states to on-states and from on-states to
off-states based on a voltage at the second half-bridge of
power circuit 6C when currents travel between second
switching node 78B of power circuit 6C and load 4 to
prevent overshoots that may occur at either third switch 72C
of power circuit 6C or fourth switch 72D of power circuit
6C.

In some examples, semiconductor bodies 70A, 70B may
each be on an individual common substrate. In other
examples, semiconductor bodies 70A, 70B may be on a
common substrate. In yet other examples, GaN switches
72A-72D are on two separate power devices per half bridge,
such as semiconductor bodies 70A, 70B, both GaN switches
having the same blocking direction and each may be on an
individual common substrate. In some examples, GaN
switches 72A-72D may be on a common substrate. In other
examples, a pair of diodes, and GaN switches 72A-72B may
be located on a common substrate. Various examples may
exist that include any number of diodes and/or GaN switches
may be on a common substrate.

For example, controller unit 5 may receive information
via link 8 and/or 10 that indicates a low potential of power
circuit 6C. Based on the information received via link 8
and/or 10, controller unit 5 may provide a command or
signal via link 9 to power circuit 6C that causes the low
potential of power circuit 6C to be applied to a common
substrate of a semiconductor device of power circuit 6C. In
some examples, a potential V- may be delivered by link 74
directly from an input terminal or an output terminal, such
as input terminals 20 and output terminals 22, as described
in FIG. 2 to a common substrate (e.g., backside of the
common substrate, common substrate 114 as described in
FIG. 2) containing any number of GaN devices, such as
diodes, switches, and bidirectional switches. In other
examples, a potential V- may be delivered by from an input
terminal or an output terminal, such as input terminals 20
and output terminals 22, as described in FIG. 2 to one or
more diodes, which are electrically connected to a common
substrate by link 74 (e.g., to the backside of the common
substrate) containing any number of GaN device, such as
diodes, switches, and bidirectional switches. In some
examples, the diodes electrically connected to the common
substrate may be located on the common substrate.

FIG. 7 is a block diagram illustrating an example of a
three phase Vienna rectifier as an additional example of
power circuit 6D of FIG. 2. FIG. 7 is described below within
the context of system 1 of FIG. 1.

In the example of FIG. 7, power circuit 6D includes input
terminals 20 receiving power from links 8A-8C of link 8,
link 9, and output terminals 22 outputting power to links
10A-10B of link 10, as described in FIGS. 1-2. In the
example of FIG. 7, power circuit 6D also includes inductors
82A-82C, capacitors 84A-84B, along with diodes 94A-94F
and bidirectional switch pairs 92A-92C, which may corre-
spond to the diodes and bidirectional switches, as described
in FIG. 3, such as diodes 34A-34D, and bidirectional
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switches 32A-32C. In addition, power circuit 6D also
includes potential V-, applied and/or electrically connected
to the common substrate (not shown) of semiconductor
bodies 90A, 90B, which may correspond to semiconductor
body 111, by link 94, which may correspond to links 24
and/or links 26, as described in FIG. 2.

Inductors 82A-82C are a passive two-terminal electrical
component that each resist changes in electric current pass-
ing through the component. In some examples, inductors
82A-82C may be used for inductive filtering to alter the
current waveform to more closely resemble a sine wave.

Capacitors 84A-84B are a passive two-terminal electrical
component used to store energy electrostatically in an elec-
tric field. In some examples, capacitors 84A-84B may be
used for filtering to achieve a smooth DC voltage at an
output.

In the example of FIG. 7, power circuit 6D receives AC
current from power received at links 8A-8C of link 8 to
inductors 82A-82C. Inductors 82A-82C filter the AC current
and delivers the filtered current to a pair of diodes connected
in parallel to inductors 82A-82C and a pair of bidirectional
switches connected in series to inductors 82A-82C. In one
example of FIG. 7, inductor 82A may deliver AC current to
diodes 96 A and 96B, and deliver AC current to bidirectional
switch pair 92A. In some examples, after rectification,
capacitors 84A-84B filter the DC voltage based on the AC
current received at inductors 82A-82C to provide a smooth
or filtered DC voltage output, such as an output to links 10A,
10B of link 10 from output terminals 22.

In some examples, diodes 94A-94F may each be on an
individual substrate. In other examples, diodes 94A-94F
may all be on a common substrate of semiconductor body
90A. In yet other examples, bidirectional switch pairs 92A-
92C may each be on an individual substrate. In some
examples, bidirectional switch pairs 92A-92C may all be on
a common substrate of semiconductor body 90B. In other
examples, a pair of diodes, such as diodes 94A, 94B, and a
bidirectional switch pair, such as bidirectional switch pair
92A may be located on a common substrate of semiconduc-
tor body 90. In yet other examples, any number of diodes
and/or bidirectional switches may be on a common sub-
strate.

For example, controller unit 5 may receive information
via link 8 and/or 10 that indicates a low potential of power
circuit 6D. Based on the information received via link 8
and/or 10, controller unit 5 may provide a command or
signal via link 9 to power circuit 6D that causes the low
potential of power circuit 6D to be applied to a common
substrate of a semiconductor device of power circuit 6D. In
some examples, potential V- may be delivered directly from
an input terminal or an output terminal, such as input
terminals 20 and output terminals 22, as described in FIG. 2
to a common substrate (e.g., to the backside of common
substrate 114, as described in FIG. 2) containing any number
of GaN devices, such as diodes, switches, and bidirectional
switches. In other examples, potential V- may be delivered
from an input terminal or an output terminal, such as input
terminals 20 and output terminals 22, as described in FIG. 2
to one or more diodes, which are electrically connected to a
common substrate (e.g., to the backside of common sub-
strate 114, as described in FIG. 2) containing any number of
GaN device, such as diodes, switches, and bidirectional
switches. In some examples, the diodes electrically con-
nected to a common substrate may be located on the
common substrate.

FIGS. 8A-8C are block diagrams each illustrating an
example of a single phase rectifier as an additional example
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of power circuit 6E-6G of FIG. 2. In the example of FIGS.
8A-8C, single phase rectifiers of power circuits 6E, 6F, and
6G, respectively, include input terminals 20 for receiving
power from link 8, link 9, and output terminals 22 for
outputting power to links 10A-10C of link 10, as described
in FIGS. 1-2. In the example of FIGS. 8A-8C, the rectifier
also includes inductors 106A-106C, along with diodes
104A-104F and switch pairs 102A, 102B, which may cor-
respond to the diodes and switches, as described in FIGS. 3,
6, and 7 such as diodes 34A-34D, 96A-96F and switches
72A-72D. In the example of FIGS. 8 A-8C, the rectifier also
includes potential V- applied and/or electrically connected
to semiconductor bodies 100A-100C by link 108, which
may correspond to links 24, 26 as described in FIG. 2. In
some examples, FIGS. 8A-8C are alternative topologies
without bidirectional switches as described in FIG. 7.

Inductors 106A-106C are each a passive two-terminal
electrical component that each resist changes in electric
current that passes through each component. In some
examples, inductors 106 A-106C may be used for inductive
filtering to alter a current level, such as to more closely
resemble the current level of an AC current.

In the example of FIG. 8A, power circuit 6D has AC
power delivered by link 8 to inductor 106, which filters the
current level of the AC power and delivers the filtered
current level of the AC power between a first pair of diodes
104 A, 104B connected in parallel with switch 102A, which
is connected in parallel with a second pair of diodes 104C,
104D, and connected in series between a third pair of diodes
104E, 104F. In the example of FIG. 8A, after rectification,
output terminal 22A receives power from diode 104E,
output terminal 22B receives power from between diodes
104C, 104D, and output terminal 22C receives power from
diode 104F.

In some examples, diodes 104A-104D may each be on an
individual common substrate. In other examples, diodes
104A-104D may all be on a common substrate, such as
common substrate 114 as described in FIG. 2. In yet other
examples, switch 102A may be on an individual common
substrate. In other examples, a pair of diodes, such as diodes
104 A, 104B, and switch 102A may be located on a common
substrate of semiconductor body 100A, such as common
substrate 114 as described in FIG. 2. It is contemplated in
this disclosure that any number of GaN devices, such as
diodes and/or switches may be on common substrate 114 on
semiconductor body 111, as described in FIG. 2.

For example, controller unit 5 may receive information
via link 8 and/or 10 that indicates a low potential of power
circuit 6D. Based on the information received via link 8
and/or 10, controller unit 5 may provide a command or
signal via link 9 to power circuit 6D that causes the low
potential of power circuit 6D to be applied to a common
substrate of a semiconductor device of power circuit 6D. In
some examples, a potential V- may be delivered by link
108, which may correspond to links 24 and/or output links
26 as described in FIG. 2, to a common substrate (e.g., the
backside of common substrate 114 as described in FIG. 2)
containing any number of GaN devices, such as diodes,
switches, and switch pairs. In other examples, a potential V-
may be delivered from an input terminal or an output
terminal, such as input terminals 20 and output terminals 22,
as described in FIG. 2 to one or more diodes, which are
electrically connected to a common substrate (e.g., the
backside of common substrate 114, as described in FIG. 2)
by link 108, which may correspond to links 24 and/or links
26 as described in FIG. 2. In some examples, the diodes
electrically connected to a common substrate may be located
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on a common substrate with the GaN device(s). In other
examples, the diodes may be non-GaN based diodes on the
common substrate. In yet other examples, the diodes may
receive an alternating positive and low potential, while the
diodes apply only potential V- to the common substrate.

In the example of FIG. 8B, power circuit 6E has AC
power is delivered by link 8 to inductor 106, which filters the
current level of the AC power and delivers the filtered
current level of the AC power between a first pair of diodes
104A, 104B connected in parallel with a pair of switches
102A, 102B having the same polarity, which are connected
between a second pair of diodes 104C, 104D. In the example
of FIG. 8B, after rectification, output terminal 22A receives
power from diode 104C, output terminal 22B receives
power from between switches 102A, 102B, and output
terminal 22C receives power from diode 104D.

In some examples, diodes 104A-104D may each be on an
individual common substrate. In other examples, diodes
104A-104D may all be on a common substrate, such as
common substrate 114, as described in FIG. 2. In yet other
examples, switches 102A, 102B may each be on an indi-
vidual common substrate. In other examples, a pair of
diodes, such as diodes 104A, 104B, and switches 102A,
102B may be located on a common substrate of semicon-
ductor body 100B, such as common substrate 114. In yet
other examples, any number of diodes and/or switches may
be on common substrate 114, as described in FIG. 2. It is
contemplated in this disclosure that any number of GaN
devices, such as diodes and/or switches may be on common
substrate 114 of semiconductor body 111, as described in
FIG. 2.

For example, controller unit 5 may receive information
via link 8 and/or 10 that indicates a low potential of power
circuit 6E. Based on the information received via link 8
and/or 10, controller unit 5 may provide a command or
signal via link 9 to power circuit 6E that causes the low
potential of power circuit 6E to be applied to a common
substrate of a semiconductor device of power circuit 6E. In
some examples, potential V- may be delivered by link 108
directly from links 24 and/or links 26 as described in FIG.
2 to a common substrate (e.g., the backside of common
substrate 114, as described in FIG. 2) containing any number
of GaN devices, such as diodes, switches, and switch pairs.
In other examples, a potential V- may be delivered from an
input terminal or an output terminal, such as input terminals
20 and output terminals 22, as described in FIG. 2 to one or
more diodes (not shown), which are electrically connected to
a common substrate by link 108 directly from links 24
and/or links 26 as described in FIG. 2. In some examples, the
diodes electrically connected to a backside of a common
substrate may be located on a common substrate with the
GaN device(s). In other examples, the diodes may be
non-GaN based diodes on the common substrate. In yet
other examples, the diodes may receive an alternating posi-
tive and low potential, while the diodes apply only potential
V- to the common substrate.

In the example of FIG. 8C, power circuit 6D has AC
power delivered by link 8 to inductor 106, which filters the
current level of the AC power and delivers the filtered
current level of the AC power between a pair of switches
102A, 102B having the same polarity connected in parallel
with a first pair of diodes 104 A, 104B, and in series between
a second pair of diodes 104C, 104D. In the example of FIG.
8C, after rectification, output terminal 22A receives power
from diode 104C, output terminal 22B receives power from
between diodes 104A, 104B, and output terminal 22C
receives power from diode 104D.
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In some examples, diodes 104A-104D may each be on an
individual common substrate. In other examples, diodes
104A-104D may all be on a common substrate, such as
common substrate 114, as described in FIG. 2. In yet other
examples, switches 102A, 102B may each be on an indi-
vidual common substrate. In other examples, a pair of
diodes, such as diodes 104A, 104B, and switches 102A,
102B may be located on a common substrate of semicon-
ductor body 100C, such as common substrate 114, as
described in FIG. 2. It is contemplated in this disclosure that
any number of GaN devices, such as diodes and/or switches
may be on common substrate 114 of semiconductor body
111, as described in FIG. 2. For example, controller unit 5
may receive information via link 8 and/or 10 that indicates
a low potential of power circuit 6F. Based on the information
received via link 8 and/or 10, controller unit 5 may provide
a command or signal via link 9 to power circuit 6F that
causes the low potential of power circuit 6F to be applied to
a common substrate of a semiconductor device of power
circuit 6F. In some examples, potential V- may be delivered
by link 108 directly from links 24 and/or links 26 as
described in FIG. 2 to a common substrate (e.g., the backside
of common substrate, as described in FIG. 2) containing any
number of GaN devices, such as diodes, switches, and
switch pairs. In other examples, potential V- may be deliv-
ered from an input terminal or an output terminal, such as
input terminals 20 and output terminals 22, as described in
FIG. 2 to one or more diodes (not shown), which are
electrically connected to a common substrate (e.g., the
backside of common substrate 114, as described by FIG. 2)
by link 108 directly from links 24 and/or links 26 as
described in FIG. 2. In some examples, the diodes electri-
cally connected to a backside of a common substrate may be
located on a common substrate with the GaN device(s). In
other examples, the diodes may be non-GaN based diodes on
the common substrate. In yet other examples, the diodes
may receive an alternating positive and low potential, while
the diodes apply only potential V- to the common substrate.

FIGS. 9A-9C are cross sectional layered views each
illustrating an example of a switched-based semiconductor
body 111 A, 111B, 111C of the example semiconductor body
111 shown in FIG. 2. In the example of FIGS. 9A-9C,
semiconductor bodies 111 A, 111B, 111C include GaN sub-
strate 112 and common substrate 114, as described in FIG.
2, and potential V- applied by link 108, which may corre-
spond to links 24 and/or links 26 as described in FIG. 2. In
the example of FIG. 9A, semiconductor body 111A is a
bidirectional switch and also includes a current conducting
channel specified as two-dimensional electron gas (2DEG)
region 116, gallium nitride (GaN) cap 120, silicon nitride
(SiN) layer 122, source 124A,124B, gate 126A, 126B, and
ohmic contact 128A, 128B. In the example of FIG. 9A,
ohmic contact 128A and source 124A form a source termi-
nal.

2DEG region 116 is a current conducting channel of
two-dimensional electron gas with the gas of electrons being
free to move in two dimensions, but tightly confined in the
third dimension. In some examples, 2DEG region 116 may
be formed by the heterojunction between two semiconduct-
ing materials to confine electrons to a triangular quantum
well. In other examples, electrons confined to 2DEG region
116 of HEMTs exhibit higher mobilities than those in
MOSFETs, since HEMTs utilize an intentionally undoped
channel thereby mitigating the deleterious effect of ionized
impurity scattering.

GaN Cap 120 is optional and represents a layer of gallium
nitride, similar to GaN substrate 112, as described in FIG. 2.
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In some examples, GaN cap 120 may serve to reduce the
leakage current when there is a Schottky barrier as the gate.
In other examples, GaN cap 130 may offer an additional
barrier to the electrons.

Silicon nitride (SiN) layer 122 is a layer of SiN semicon-
ductor material. In some examples, SiN layer 122 passiva-
tion helps decrease current collapse by reducing SiN/GaN/
AlGaN interface trap density.

Source 124A, 124B is a source terminal for a high-
electron-mobility transistor (HEMT). In some examples, a
HEMT, is a field-effect transistor incorporating a junction
between two materials (e.g., AlGaN and GaN) with different
band gaps (e.g., a heterojunction) as the channel instead of
a doped region (as is generally the case for MOSFET). In
other examples, source 124A; 124B is a region through
which the carriers enter the channel (e.g., 2DEG region 116).

Gate 126A, 126B is a gate terminal for an HEMT. In some
examples, gate terminals 126A, 126B receive the drive
signal from a driver, such as driver 34 A as described in FIG.
3, to drive the HEMT to an “on” state.

Ohmic contact 128A, 128B is an ohmic contact for an
HEMT. In some examples, ohmic contact 128A, 128B
provides a connection to source 124 A, 124B through 2DEG
region 116.

In some examples, semiconductor body 111A is a bidi-
rectional switch and may have a potential V- applied by link
108 to the backside of common substrate 114, which repels
carriers in the 2DEG region 116 towards AlGaN layer 118
and reduces current collapse. In other examples, repelling
carriers in the 2DEG region 116 towards the AlGaN layer
118 may substantially reduce and/or eliminate the current
collapse of the bidirectional switch.

In some examples, the potential V- may be applied
directly from an input terminal or an output terminal, such
as input terminals 20, or output terminals 22 as described in
FIG. 2, to common substrate 114 by link 108. In other
examples, the potential V- may be applied from input
terminals and/or output terminals, such as input terminals
20, and/or output terminals 22 as described in FIG. 2,
through diodes (not shown) to common substrate 114 by link
108.

In some examples, semiconductor body 111A may repre-
sent a semiconductor device comprising a common substrate
electrically coupled to a node of a power circuit and one or
more Gallium Nitride (GaN) devices, the one or more GaN
devices comprising a GaN substrate adjacent to a front side
of the common substrate, a two-dimensional electron gas
(2DEG) region adjacent to the GaN substrate and opposite
the front side of the common substrate, an Aluminum
Gallium Nitride (AlGaN) layer adjacent to the 2DEG region
and opposite the GaN substrate, and one or more load
terminals, wherein the 2DEG region comprises electrons
being repelled away from the GaN substrate toward the
AlGaN layer based at least in part on a particular potential
at the node of the power circuit electrically coupled to the
common substrate, and wherein the particular potential is
equal to or more negative than a potential at the one or more
load terminals. In other examples, the load terminals of
semiconductor 111A may represent one or more drain ter-
minals of the one or more GaN devices, or one or more
source terminals of the one or more GaN devices.

In the example of FIG. 9B, semiconductor body 111B is
a bidirectional switch and includes two-dimensional elec-
tron gas (2DEG) region 116A, 116B, gallium nitride (GaN)
cap 120A, 120B, silicon nitride (SiN) layer 122A, 1225,
source 124A,124B, gate 126A, 126B, and ohmic contact
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128 A, 128B, as described in FIG. 9A. In the example of FIG.
9B, semiconductor body 111B also includes drain 130.

Drain 130 is a drain terminal for a HEMT. In some
examples, drain 130 is the terminal through which carriers
leave the channel (e.g., 2DEG region 116).

In some examples, semiconductor body 111B is a bidi-
rectional switch with a drain and may have a potential V-
applied by link 108 to the backside of common substrate
114, which repels carriers in the 2DEG regions 116 A, 116B
towards AlGaN layers 118A, 118B and reduces current
collapse. In other examples, repelling carriers in the 2DEG
region 116 towards the AlGaN layer 118 may substantially
reduce and/or eliminate the current collapse of the bidirec-
tional switch.

In some examples, the potential V- may be applied
directly from an input terminal or an output terminal, such
as input terminals 20, or output terminals 22 as described in
FIG. 2, to common substrate 114 by link 108. In other
examples, the potential V- may be applied from input
terminals and/or output terminals, such as input terminals
20, and/or output terminals 22 as described in FIG. 2,
through diodes (not shown) to common substrate 114 by link
108.

In the example of FIG. 9C, semiconductor body 111C
may have or contain two switches having the same polarity
and blocking in the same direction, and includes two-
dimensional electron gas (2DEG) region 116A, 116B, gal-
lium nitride (GaN) cap 120A, 120B, silicon nitride (SiN)
layer 122A, 122B, source 124 A, 124B, gate 126A, 1268,
and ohmic contact 128A, 128B, and drain 130 as described
in FIG. 9B. In the example of FIG. 9C, semiconductor body
111C also includes drain 130.

In some examples, semiconductor body 111C as two GaN
switches may have a potential V- applied by link 108 to the
backside of common substrate 114, which repels carriers in
the 2DEG regions 116A and 116B towards AlGaN layers
118A and 118B and reduces current collapse. In other
examples, repelling carriers in the 2DEG regions 116A and
116B towards the AlGaN layers 118A and 118B may sub-
stantially reduce and/or eliminate the current collapse of the
two GaN switches.

In some examples, the potential V- may be applied
directly from an input terminal or an output terminal, such
as input terminals 20, or output terminals 22 as described in
FIG. 2, to common substrate 114 by link 108. In other
examples, the potential V- may be applied from input
terminals and/or output terminals, such as input terminals
20, and/or output terminals 22 as described in FIG. 2,
through diodes (not shown) to common substrate 114 by link
108. In yet other examples, the two GaN switches of
semiconductor body 111C are arranged such that the GaN
switches block into the same direction. In some examples,
gate 128B at the midpoint of semiconductor body 111C may
be used as a drain and/or as a source.

FIG. 10 is a cross sectional layered view illustrating an
example of a diode-based semiconductor body 111D of the
example semiconductor body 111 shown in FIG. 2. In the
example of FIG. 10, semiconductor body 111D has two
Schottky diodes, and includes GaN substrate 112 and adja-
cent to common substrate 114, as described in FIG. 2, and
potential V-applied by link 108, as described in FIGS.
8A-8C. In the example of FIG. 10, semiconductor body
111D includes two-dimensional electron gas (2DEG)
regions 116 A, 116B, gallium nitride (GaN) cap 120A, 120B,
and silicon nitride (SiN) layer 122A, 122B, and ohmic
contact 128 as described in FIG. 8B. In the example of FIG.
10, semiconductor body 111D also includes anode 134A,
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134B, cathode 136, optional substrate contact 138, and
optional lateral Schottky diode 140.

Semiconductor body 111D represents a Schottky diode
with a low forward voltage drop and a very fast switching
action. In some examples, semiconductor body 111D may
have a metal-semiconductor junction formed between a
metal and a semiconductor material creating a Schottky
barrier. In other examples, the metal of the metal-semicon-
ductor junction of semiconductor body 111D acts as the
anode, such as anode 134 A, 134B. In yet other examples, the
semiconductor of the metal-semiconductor junction of semi-
conductor body 111D acts as the cathode, such as cathode
136. Lateral Schottky diode 140 may be a lateral Schottky
diode on a common substrate with another GaN Schottky
diode and/or another GaN device, such as a switch, or a
bidirectional switch.

Anode 134A, 134B represent an anode section of semi-
conductor body 111D, and is an electrode through which
electrical current flows into a polarized electrical device.
Cathode 136 represent a cathode section of semiconductor
body 111D, and is an electrode through which electric
current flows out of a polarized electrical device.

Substrate contact 138 represents an optional section of
semiconductor body 111D, and is an electrode through
which a negative polarity may be applied to a common
substrate, such as common substrate 114. In some examples,
semiconductor body 111D may receive alternating positive
and low potentials, but may apply only a low potential to the
common substrate via substrate contact 138.

In some examples, semiconductor body 111D may have a
potential V- applied by link 108 to the backside of common
substrate 114, which repels carriers in the 2DEG region
116A, 116B towards AlGaN layer 118A, 118B and reduces
current collapse. In other examples, repelling carriers in the
2DEG region 116A, 116B towards the AlGaN layer 118A,
118B may substantially reduce and/or eliminate the current
collapse of the GaN Schottky diode or diodes.

In some examples, potential V- may be applied directly
from an input terminal or an output terminal, such as input
terminals 20, or output terminals 22 as described in FIG. 2,
to common substrate 114 by link 108. In other examples, the
potential V- may be applied from input terminals and/or
output terminals, such as input terminals 20, and/or output
terminals 22 as described in FIG. 2, through diodes (not
shown) to common substrate 114 by link 108. In yet other
examples, semiconductor body 111D may use substrate
contact 138 to apply potential V-. In some examples, GaN
Schottky diodes 110E may receive alternating positive and
low potentials from one or more input and/or output termi-
nals, and substrate contact 138 may only apply potential V-
to common substrate 114.

In some examples, semiconductor body 111D may rep-
resent a semiconductor device comprising a common sub-
strate electrically coupled to a node of a power circuit and
one or more Gallium Nitride (GaN) devices, the one or more
GaN devices comprising a GaN substrate adjacent to a front
side of the common substrate, a two-dimensional electron
gas (2DEG) region adjacent to the GaN substrate and
opposite the front side of the common substrate, an Alumi-
num Gallium Nitride (AlGaN) layer adjacent to the 2DEG
region and opposite the GaN substrate, and one or more load
terminals, wherein the 2DEG region comprises electrons
being repelled away from the GaN substrate toward the
AlGaN layer based at least in part on a particular potential
at the node of the power circuit electrically coupled to the
common substrate, and wherein the particular potential is
equal to or more negative than a potential at the one or more
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load terminals. In other examples, the load terminals of
semiconductor 111D may represent one or more cathode
electrodes of the one or more GaN devices, or one or more
anode electrodes of the one or more GaN devices.

FIGS. 11-13 are block diagrams each illustrating example
semiconductor packages that include the example power
circuit 6 shown in FIG. 2, in accordance with one or more
aspects of the present disclosure. FIGS. 11-13 are described
below within the context of power circuit 6 of FIG. 2.

In the example of FIG. 11, semiconductor package 150
includes semiconductor body 111E, which may correspond
to semiconductor body 111, GaN substrate 112, common
substrate 114, and links 8A, 8B of link 8. In the example of
FIG. 11, semiconductor package 150 also includes sense-
source 156A, 156B, which may correspond to source 124 A,
1248, and gate 126A, 126B, as described in FIGS. 9A-10.
In the example of FIG. 11, semiconductor package also
includes potential V- directly applied and/or electrically
connected to common substrate 114 by link 152, which may
correspond to links 24 and/or links 26 as described in FIG.
2, and creepage 154.

Sense-source 156A, 1568 is a contact to the same termi-
nal as the source. In some examples, the gate driver is
coupled between gates 126A, 126B and sense-source con-
tacts 156 A, 156B to avoid any parasitic voltage drop on any
inductance that may be present within the current path
towards links 8A, 8B. In other examples, the two terminals
for links 8A, 8B and sense-source 156 A, 1568 may be used
differently outside the semiconductor package but are con-
nected to the same terminal inside the package.

Creepage 154 represents an electrical insulator material
whose internal electric charges do not flow freely. In some
examples, creepage 154 may be used to isolate common
substrate 114 based on varying thicknesses. In other
examples, creepage 154 may allow an electrode to be
applied to common substrate 114 to apply potential V- while
isolating common substrate 114 from other potentials. In yet
other examples, the semiconductor package may need to
isolate both links 8A and 8B from the common substrate
with minimum thicknesses of creepage 154 defined in
various standards depending on pollution classes of the
environment.

In the example of FIG. 12, semiconductor package 160A
includes semiconductor body 111F, which may correspond
to semiconductor body 111, GaN substrate 112, common
substrate 114, and links 8A, 8B of link 8. In the example of
FIG. 12, semiconductor package 160A also includes sense-
source 156A, 156B and gate 126A, 16B, as described in
FIG. 11, along with potential V- applied to common sub-
strate 114 by link 162 which may correspond to links 24, 26,
and/or 152 as described in FIG. 11, diodes 166A, 166B and
creepage 164, which may correspond to creepage 154 as
described in FIG. 11.

Diodes 166A, 166B may represent non-GaN based
diodes, such as a semiconductor diode with a p-n junction,
on common substrate 114. In some examples, common
substrate 114 may receive by link 162, potential V- from the
input terminals and/or the output terminals, such as input
terminals 20 and output terminals 22 as described in FIG. 2.
In other examples, diodes 166 A, 166B may be configured to
be coupled between the V- potential (on their backside) and
the two input terminals 8A and 8B respectively, and all the
connections can all be made within the package. In yet other
examples, diodes 166A, 166B may not be located on com-
mon substrate 114, but on a separate substrate (not shown).

In the example of FIG. 13, semiconductor package 160B
includes semiconductor bodies 111G, 111H which may
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correspond to semiconductor body 111, GaN substrate 112,
common substrate 114, and links 8A, 8B of link 8. In the
example of FIG. 13, semiconductor package 160B also
includes sense-source 156A, 156B and gate 126A, 16B as
described in FIG. 11, along with potential V- applied to
common substrate 114 by link 162 which may correspond to
links 24, 26, and/or link 152, as described in FIG. 11, and
creepage 164, which may correspond to creepage 154 as
described in FIG. 11.

In the example of FIG. 13, diodes 167A, 167B represent
GaN based diodes, such as Semiconductor body 111D, as
described in FIG. 10. In some examples, common substrate
114 may receive by link 162 potential V- from the input
terminals and/or the output terminals, such as input termi-
nals 20 and output terminals 22 as described in FIG. 2. In
other examples, GaN Schottky diodes 167A, 167B may be
configured may be configured to be coupled between the V-
potential (on their backside) and the two input terminals 8A
and 8B respectively, and all the connections can all be made
within the package. In yet other examples, GaN Schottky
diodes 167A, 167B may not be located on common substrate
114, but on a separate common substrate (not shown).

FIG. 14 is a block diagram illustrating an example of
package 170 with GaN diodes 168A, 168B and GaN bidi-
rectional switch 174 on semiconductor body 111J, in accor-
dance with one or more aspects of the present disclosure.
FIG. 14 is described below within the context of power
circuit in FIG. 3. In the example of FIG. 14, package 170
includes semiconductor body 111J, which may correspond
to semiconductor body 30A, GaN diodes 168A, 168B,
which may correspond to diodes 34A, 34B, and GaN
bidirectional switch 174, which may correspond to GaN
bidirectional switch 30A. In the example of FIG. 14, pack-
age 170 also includes nodes 50, 52 as described in FIG. 3,
gate 126A, 126B, anode 134A, 134B, and optional substrate
contact 138A, 138B, as described in FIG. 10, and links
172A, 172B, which provide potential V- to anode 134A,
134B and may correspond to links 24, 26 as described in
FIG. 2. In the example of FIG. 14, package 170 includes
three GaN devices, such as GaN bidirectional switch 174,
and GaN diodes 168A, 168B toward potential V-, with
dotted lines to conceptually indicate their location on semi-
conductor body 111J. In other examples, the dotted lines
may also indicate that GaN diodes 168A and 168B may be
optional and may be located on separate packages. In yet
other examples, GaN diodes 168A and 168B may be
included with additional diodes and/or switches in package
170 with four power terminals connected to input and/or
output links, such links 8A, 8B of link 8 and links 10A, 10B
of link 10 as described in FIG. 1.

In the example of FIG. 14, the cathode potential of diodes
168A, 168B may be potential V-, which is available at
substrate contacts 138 A and 138B on the surface of the chip.
In some examples, potential V- of the cathodes of diodes
168A, 168B may be electrically connected to the substrate
by either a vertical trench contact (e.g., substrate contacts
138A, 138B as described in FIG. 10) through the AlGaN/
GaN layers (e.g., AlGaN 118A, 118B, or GaN substrate
112A, 112B as described in FIG. 10) into the substrate (e.g.,
common substrate 114 as described in FIG. 10). In other
examples, potential V- of the cathodes of diodes 168A,
168B may be electrically connected to the substrate by
bonding a wire (not shown) from links 172A, 172B to the
metallized island (not shown), which supports semiconduc-
tor body 1111J.

In some examples, diodes 168A, 168B may apply only
potential V- to a common substrate (not shown). In other
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examples, diodes 168A, 168B may apply only potential V-
to a common substrate (not shown) through substrate con-
tacts 138A, 138B. In yet other examples, diodes 168A, 168B
may apply only potential V- to a backside of a common
substrate (not shown). In some examples, diodes 168A,
168B may be located on a common substrate of semicon-
ductor body 111 with other GaN devices, such as GaN
devices 110, as described in FIG. 1. In other examples,
diodes 168A, 168B may be located on a separate common
substrate. In yet other examples, diodes 168A, 168B may be
non-GaN based diodes with a semiconductor p-n junction.

FIG. 15 is a flow chart illustrating example operations for
reducing current collapse of an example power circuit 6, in
accordance with one or more aspects of the present disclo-
sure. FIG. 15 is described below within the context of links
24, 26 of FIG. 2, system 1 of FIG. 1, and power circuit 6 of
FIG. 2.

In the example of FIG. 15, controller unit 5 as described
in FIG. 1 may determine a particular potential (e.g., potential
V-) at a node of a power circuit (e.g., power circuit 6) that
is equal to or more negative than a terminal potential at one
or more load terminals (e.g., a source or a drain terminal of
a GaN switch, a cathode or anode electrode of a GaN diode)
of one or more Gallium Nitride (GaN) devices (e.g., GaN
devices 110) included on one or more GaN substrates (e.g.,
GaN substrate 112) that are adjacent to a common substrate
(e.g., common substrate 114) of a semiconductor body (e.g.,
semiconductor body 111) (182). For example, controller unit
5 may receive information via link 8 and/or 10 that indicates
aparticular potential (e.g., potential V-) of one or more GaN
devices 110 of power circuit 6. Based on the information
received via link 8 and/or 10, controller unit 5 may provide
a command or signal via link 9 to power circuit 6 that causes
the particular potential of power circuit 6 to be applied to a
common substrate of a semiconductor body of power circuit
6.

After controller unit 5 determines the particular potential
(e.g., potential V-), power circuit 6 may receive a signal
and/or command from controller unit 5 to apply (e.g., links
24, 26) the particular potential (e.g., potential V-) at the
node (e.g., input terminals 20, output terminals 22) of the
power circuit to the common substrate (e.g., common sub-
strate 114) of the semiconductor body (e.g., semiconductor
body 111), such that the applied particular potential (e.g.,
potential V-) reduces an amount of current collapse in the
semiconductor body (184).

In some examples, power circuit 6 may directly apply the
particular potential at the node of the power circuit to the
common substrate, such as potential V- to common sub-
strate 114 as described in FIG. 10. In other examples, power
circuit 6 may receive a signal from controller unit 5, after
controller unit 5 determines a particular potential of the
circuit, to apply the particular potential at the node of the
power circuit to the common substrate through a pair of
diodes, such as V- to common substrate 114 through diodes
168A, 168B as described in FIG. 14. In yet other examples,
switches may be used in place of diodes.

In some examples, controller unit 5 may apply the par-
ticular potential at the node of the power circuit by electri-
cally coupling an input potential of an input terminal of the
power circuit or an output potential of an output terminal of
the power circuit to the common substrate. In other words,
controller unit 5 may apply potential V- by electrically
coupling (e.g., links 24, 26) input terminals 20 or output
terminals 22 to common substrate 114 of semiconductor
body 111.
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In other examples, controller unit 5 may apply the par-
ticular potential at the node of the power circuit by config-
uring the one or more Gallium Nitride (GaN) devices to
electrically couple an input potential of an input terminal of
the power circuit or an output potential of an output terminal
of the power circuit to the common substrate. For example,
controller unit 5 may apply potential V- by configuring one
or more GaN devices 110 to electrically couple (e.g., links
24, 26) input terminals 20 or output terminals 22 to common
substrate 114 of semiconductor body 111.

In yet other examples, controller unit 5 may apply the
particular potential at the node of the power circuit by
configuring one or more non-Gallium Nitride (non-GaN)
devices to electrically couple a potential of an input terminal
of the power circuit or an output terminal of the power
circuit to the common substrate. For example, controller unit
5 may apply potential V- by configuring one or more
non-GaN devices (e.g., diodes, switches, etc.) to electrically
couple (e.g., links 24, 26) input terminals 20 or output
terminals 22 to common substrate 114 of semiconductor
body 111.

Clause 1. A power circuit comprising: a semiconductor
body, the semiconductor body comprising: a common sub-
strate; and a Gallium Nitride (GaN) based substrate includ-
ing one or more GaN devices adjacent to a front side of the
common substrate, wherein the common substrate is elec-
trically coupled to a node of the power circuit, the node
being at a particular potential that is equal to or more
negative than a potential at one or more load terminals of the
one or more GaN devices.

Clause 2. The power circuit of clause 1, wherein the one
or more load terminals is selected from the group consisting
of: one or more drain terminals of the one or more GaN
devices, one or more source terminals of the one or more
GaN devices, one or more cathode electrodes of the one or
more GaN devices, and one or more anode electrodes of the
one or more GaN devices.

Clause 3. The power circuit of any of clauses 1-2, wherein
the particular potential at the node of the power circuit
comprises a potential of at least one of one or more input
terminals of the power circuit or one or more output termi-
nals of the power circuit.

Clause 4. The power circuit of any of clauses 1-3, wherein
the one or more GaN devices is selected from the group
consisting of: one or more GaN bidirectional switches, a
plurality of GaN switches, a plurality of GaN diodes, and a
GaN switch and a GaN diode.

Clause 5. The power circuit of any of clauses 1-4, wherein
the one or more GaN devices comprise one or more GaN
switches and one or more GaN diodes.

Clause 6. The power circuit of any of clauses 1-5, wherein
the node of the power circuit is an electrode of at least one
of the one or more Gallium Nitride (GaN) devices arranged
on the front side of the common substrate.

Clause 7. The power circuit of clause 6, wherein the
electrode of the at least one of the one or more GaN devices
comprises at least one of a cathode electrode of a GaN diode
or a source electrode of GaN switch.

Clause 8. The power circuit of any of clauses 1-7, wherein
the semiconductor body further comprises: one or more
non-Gallium Nitride (non-GaN) devices arranged on the
front side of the common substrate, wherein the node of the
power circuit comprises an electrode of at least one of the
one or more non-GaN devices, and wherein the electrode of
the at least one of the one or more non-GaN devices
comprises at least one of a cathode electrode of a non-GaN
diode or a source electrode of a non-GaN switch.
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Clause 9. The power circuit of any of clauses 1-8, wherein
the power circuit comprises at least one of a rectifier or an
inverter.

Clause 10. The power circuit of any of clauses 1-9,
wherein the one or more GaN devices comprise one or more
GaN switches and one or more GaN diodes arranged in at
least one of a half-bridge or a H-bridge configuration.

Clause 11. A semiconductor device comprising: a com-
mon substrate electrically coupled to a node of a power
circuit; and one or more Gallium Nitride (GaN) devices, the
one or more GaN devices comprising: a GaN substrate
adjacent to a front side of the common substrate; a two-
dimensional electron gas (2DEG) region adjacent to the
GaN substrate and opposite the front side of the common
substrate; an Aluminum Gallium Nitride (AlGaN) layer
adjacent to the 2DEG region and opposite the GaN sub-
strate; and one or more load terminals, wherein the 2DEG
region comprises electrons being repelled away from the
GaN substrate toward the AlGaN layer based at least in part
on a particular potential at the node of the power circuit
electrically coupled to the common substrate, and wherein
the particular potential is equal to or more negative than a
potential at the one or more load terminals.

Clause 12. The semiconductor device of clause 11,
wherein the one or more load terminals is selected from the
group consisting of: one or more drain terminals of the one
or more GaN devices, one or more source terminals of the
one or more GaN devices, one or more cathode electrodes of
the one or more GaN devices, and one or more anode
electrodes of the one or more GaN devices.

Clause 13. The semiconductor device of any of clauses
11-12, wherein the one or more GaN devices is selected
from the group consisting of: one or more GaN bidirectional
switches, a plurality of GaN switches, a plurality of GaN
diodes, and a GaN switch and a GaN diode.

Clause 14. The semiconductor device of any of clauses
11-13, wherein the common substrate comprises a silicon
substrate.

Clause 15. The semiconductor device of any of clauses
11-14, wherein a back side of the common substrate com-
prises an electrode of the common substrate that is electri-
cally isolated from each of one or more electrodes of the one
or more GaN devices.

Clause 16. The semiconductor device of clause 15,
wherein the particular potential at the node of the power
circuit is coupled to the electrode of the common substrate,
and wherein the particular potential increases a quantity of
the electrons being repelled from the GaN substrate to the
AlGaN layer of the one or more GaN devices.

Clause 17. A method comprising: determining a particular
potential at a node of a power circuit that is equal to or more
negative than a terminal potential at one or more load
terminals of one or more Gallium Nitride (GaN) devices,
wherein each of the one or more GaN devices is included on
one or more GaN substrates of a semiconductor body, the
one or more GaN substrates being adjacent to a front side of
a common substrate of the semiconductor body; and apply-
ing the particular potential at the node of the power circuit
to the common substrate of the semiconductor body, wherein
applying the particular potential reduces an amount of
current collapse in the semiconductor body.

Clause 18. The method of clause 17, wherein applying the
particular potential at the node of the power circuit com-
prises electrically coupling an input potential of an input
terminal of the power circuit or an output potential of an
output terminal of the power circuit to the common sub-
strate.
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Clause 19. The method of any of clauses 17-18, wherein
applying the particular potential at the node of the power
circuit comprises configuring the one or more Gallium
Nitride (GaN) devices to electrically couple an input poten-
tial of an input terminal of the power circuit or an output
potential of an output terminal of the power circuit to the
common substrate.

Clause 20. The method of any of clauses 17-19, wherein
applying the particular potential at the node of the power
circuit comprises configuring one or more non-Gallium
Nitride (non-GaN) devices to electrically couple a potential
of an input terminal of the power circuit or an output
terminal of the power circuit to the common substrate.

Clause 21. A power circuit comprising means for per-
forming any of the methods of clauses 17-20 above.

Any of the methods, devices, and circuits described above
may be embodied in or performed in whole or in part by any
of various types of integrated circuits, chip sets, and/or other
devices, and/or as software executed by a computing device,
for example. This may include processes performed by,
executed by, or embodied in one or more microcontrollers,
central processing units (CPUs), processing cores, field-
programmable gate arrays (FPGAs), programmable logic
devices (PLDs), virtual devices executed by one or more
underlying computing devices, or any other configuration of
hardware and/or software.

Various examples have been described. These and other
examples are within the scope of the following claims.

The invention claimed is:
1. A power circuit comprising:
two or more input terminals that are each directly coupled
to a source that is configured to produce power for a
load;
two or more output terminals that are each directly
coupled to the load;
a semiconductor body, the semiconductor body compris-
ing:
a common substrate; and
a Gallium Nitride (GaN) based substrate including one
or more GaN devices adjacent to a front side of the
common substrate, wherein the one or more GaN
devices comprise one or more gate terminals con-
figured to receive a gate control signal from one or
more drivers and one or more load terminals; and
a node electrically coupled to a back side of the common
substrate, wherein the node is connected to a constant
potential that is equal to or more negative than a lowest
potential at the two or more output terminals of the
power circuit.
2. The power circuit of claim 1, wherein the one or more
load terminals is selected from the group consisting of:
one or more drain terminals of the one or more GaN
devices,
one or more source terminals of the one or more GaN
devices,
one or more cathode electrodes of the one or more GaN
devices, and
one or more anode electrodes of the one or more GaN
devices.
3. The power circuit of claim 1, wherein:
the lowest potential at the two or more output terminals of
the power circuit is a first lowest potential; and
the constant potential is equal to or more negative than the
first lowest potential at the two or more output termi-
nals of the power circuit and a second lowest potential
at the two or more input terminals of the power circuit.
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4. The power circuit of claim 1, wherein the one or more
GaN devices is selected from the group consisting of:

one or more GaN bidirectional switches,

a plurality of GaN switches,

a plurality of GaN diodes, and

a GaN switch and a GaN diode.

5. The power circuit of claim 1, wherein the one or more
GaN devices comprise one or more GaN switches and one
or more GaN diodes.

6. The power circuit of claim 1, wherein the node of the
power circuit is an electrode of at least one of the one or
more Gallium Nitride (GaN) devices arranged on the front
side of the common substrate.

7. The power circuit of claim 6, wherein the electrode of
the at least one of the one or more GaN devices comprises
at least one of a cathode electrode of a GaN diode or a source
electrode of GaN switch.

8. The power circuit of claim 1, wherein the semiconduc-
tor body further comprises:

one or more non-Gallium Nitride (non-GaN) devices

arranged on the front side of the common substrate,

wherein the node of the power circuit comprises an
electrode of at least one of the one or more non-GaN
devices, and wherein the electrode of the at least one of
the one or more non-GaN devices comprises at least

one of a cathode electrode of a non-GaN diode or a

source electrode of a non-GaN switch.

9. The power circuit of claim 1, wherein the power circuit
comprises at least one of a rectifier or an inverter.

10. The power circuit of claim 1, wherein the one or more
GaN devices comprise one or more GaN switches and one
or more GaN diodes arranged in at least one of a half-bridge
or a H-bridge configuration.

11. A semiconductor device comprising:

a common substrate that includes:

an electrode located on a backside of the common
substrate;

two or more input terminals that are configured to
directly connect to a source that provides power to a
load, and

two or more output terminals that are configured to
directly connect to the load; and

one or more Gallium Nitride (GaN) devices, the one or

more GaN devices comprising:

a GaN substrate adjacent to a front side of the common
substrate that is opposite the backside of the common
substrate;

a two-dimensional electron gas (2DEG) region adja-
cent to the GaN substrate and opposite the front side
of the common substrate;

an Aluminum Gallium Nitride (AlGaN) layer adjacent
to the 2DEG region and opposite the GaN substrate;

one or more gate terminals configured to receive a gate
control signal from one or more drivers; and

one or more load terminals,

wherein the electrode located on the backside of the

common substrate is connected to a constant potential
that is equal to or more negative than a lowest potential
at the two or more output terminals for repelling
electrons of the 2DEG region away from the GaN
substrate and toward the AlGaN layer.

12. The semiconductor device of claim 11, wherein the
one or more load terminals is selected from the group
consisting of:

one or more drain terminals of the one or more GaN

devices,
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one or more source terminals of the one or more GaN

devices,

one or more cathode electrodes of the one or more GaN

devices, and

one or more anode electrodes of the one or more GaN

devices.

13. The semiconductor device of claim 11, wherein the
one or more GaN devices is selected from the group con-
sisting of

one or more GaN bidirectional switches,

a plurality of GaN switches,

a plurality of GaN diodes, and

a GaN switch and a GaN diode.

14. The semiconductor device of claim 11, wherein the
common substrate comprises a silicon substrate.

15. The semiconductor device of claim 11, wherein the
electrode of the common substrate is electrically isolated
from each of the one or more GaN devices.

16. The semiconductor device of claim 15, wherein the
electrode located on the backside of the common substrate
is connected to the constant potential for increasing a
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quantity of the electrons being repelled away from the GaN
substrate and toward the AlGaN layer.

17. The power circuit of claim 1, further comprising at
least one additional device, wherein the node is electrically
coupled to the constant potential that is equal to or more
negative than the lowest potential at the two or more output
terminals of the power circuit via the at least one additional
device.

18. The semiconductor device of claim 17, wherein the at
least one additional device comprises at least one of a diode,
a switch, or a bidirectional switch.

19. The power circuit of claim 11, wherein the common
substrate comprises at least one additional device and the
electrode located on the backside of the common substrate
is connected to the constant potential that is equal to or more
negative than the lowest potential at the two or more output
terminals via the at least one additional device.

20. The semiconductor device of claim 19, wherein the at
least one additional device comprises at least one of a diode,
a switch, or a bidirectional switch.
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